Recent results suggest that even relatively brief periods of ischemia in gerbils (10 min) lead to oxi
dative damage to brain proteins, reflected in an increased carbonyl content in the soluble protein fraction and a de creased glutamine synthetase (GS) activity. Since we failed to reproduce these findings in rats subjected to IS min of transient ischemia, we explored whether oxidative damage to proteins could be observed after longer isch emic periods. To that end, one middle cerebral artery was occluded in rats for either I or 3 h, with recirculation periods of 0 min, IS min, 1 h, and 6 h. Protein carbonyl content and GS activity were determined in focal and perifocal tissues and compared with values obtained in the same areas on the contralateral side. Ischemia, par ticularly of 3-h duration, followed by various reperfusion periods was accompanied by a significant (16-35%) de-It was suggested more than a decade ago that free radicals are involved in ischemic brain damage, par ticularly if ischemia is followed by recirculation (Demopoulos et aI., 1977; Flamm et aI., 1978; Siesj6, 1981 ; for recent reviews, see Siesj6 et aI., 1989; Floyd, 1990; Watson, 1992) . Although free radicals may cause oxidative damage to lipids, pro teins, DNA, and other macromolecules, the initial interest was directed toward lipid peroxidation. During the last few years, metal-catalyzed oxidative damage to proteins has attracted increasing atten-crease in the concentration of proteins of the soluble pro tein fraction. Hovvever. in no group was there an increased carbonyl content of the remaining proteins in this fraction. When expressed per milligram of protein, GS activity remained unchanged or rose somewhat. An in consistent (and moderate) decrease in GS activity was present only if GS activity was expressed per milligram of wet tissue. The present findings, which fail to document oxidative damage to proteins following focal ischemia of 1-or 3-h duration, are thus radically different from those obtained in gerbils. The results suggest that appreciable species differences exist and raise the question of whether free radical-mediated oxidation of proteins is an invariable component of ischemic brain damage. Key Words: Carbonyl content-Glutamine synthetase activ ity-Ischemia-Rat brain-Reperfusion. tion (Halliwell, 1987 ; for a recent review, see Stadt man .
It has been suggested that metal-catalyzed oxida tion of proteins is a site-specific process involving the interaction of H202 and Fe(II) at metal binding sites on the protein. This can lead to generation of altered (inactive or less active) forms of enzymes that accumulate during aging and under several pathological conditions (Oliver et aI., 1987; Murphy and Kehrer, 1989; Starke-Reed and Oliver, 1989; Carney et aI., 1991; Stadt man and Oliver, 1991) . Considerable evidence indi cates that glutamine synthetase (GS, L-gluta mate:ammonia ligase; EC 6.3.1.2) is an enzyme that is especially sensitive to oxidative damage, inacti vation being due to the loss of 2 of 16 histidine residues (Levine, 1983; Nakamura and Stadtman, 1984; Rivett and Levine, 1990) ; recently arginine-344 has been identified as another susceptible site (Climent and Levine, 1991) . Two of the residues, histidine-269 and arginine-344, have been shown to be situated at the same divalent cation binding site on the enzyme, thus establishing the site specificity of the oxidation (Climent and Levine, 1991) .
It was recently reported that protein oxidation, as measured by protein carbonyl content, increased significantly during reperfusion following 10 min of ischemia in gerbils; at the same time, the activity of GS decreased to 65% of control levels (Oliver et aI., 1990) . In view of the brief period of ischemia, this was an unexpected finding (see Discussion). In fact, we had postulated that free radicals play an impor tant pathogenetic role only if ischemia is of long duration or if it is complicated by preischemic hy perglycemia or intraischemic hyperthermia (Siesjb et aI., 1989) . We therefore decided to study whether transient brief ischemia in rats leads to similar signs of protein oxidation. However, under conditions similar to those of Oliver et ai. (1990) , i.e., 15 min of forebrain ischemia in rats followed by 90 min of reperfusion, we could not demonstrate any change of GS activity in two selectively vulnerable regions, namely, caudoputamen and hippocampus; nor was there an increased carbonyl content in the protein fraction from the hippocampus (K. Pahlmark et aI., submitted for pUblication).
The aim of the present investigation was to ex plore if prolongation of the ischemic period leads to oxidative damage to proteins. To that end, we de termined the tissue content of protein carbonyl groups and the specific activity of GS after various reperfusion periods following 1 and 3 h of middle cerebral artery (MCA) occlusion (MCAO) in rats. The model used, originally described by Koizumi et ai. (1986) , yields dense ischemia in a focal area com prising the lateral part of the caudoputamen and the overlying neocortex and less dense ischemia in a perifocal "penumbra" encompassing more dorsal neocortical areas (Memezawa et aI., 1992a,b ; see also Folbergrova et aI., 1992) . Samples from regions representing striatal and cortical focus, as well as the penumbra, were used for analyses. The same regions sampled from the contralateral hemisphere served as controls.
MATERIALS AND METHODS

Operative and MeAO techniques
Male Wi star rats (M�llegaard Breeding Center, Copen hagen, Denmark) weighing 332-352 g were used for this study. Anesthesia was induced by inhalation of 3.5% halothane in N20l02 (70:30), the halothane concentration being reduced to 1.0-1.5% during operation. Operation was performed under spontaneous breathing. A polyeth ylene catheter was inserted into a tail artery for blood J Cereb Blood Flow Metab, Vol. 13, No. I, 1993 pressure recording and blood sampling. A thermistor probe was inserted in the rectum to monitor the body temperature, which was maintained at 38°C during the operation with the help of a heated operating table.
Occlusion of the right MCA was induced by insertion of an intraluminal filament as described previously (Memezawa et aI., 1992a) . The occluding device con sisted of two pieces: occluder filament and guide sheath. A surgical midline incision was made to expose the right common, internal, and external carotid arteries. The ex ternal carotid and the occipital arteries were ligated, and 0.15 ml of heparin (200 IU/ml) was given. The common carotid artery was closed by a suture, 3 mm proximal from the carotid bifurcation, and the internal carotid ar tery was temporarily closed by a microvascular clip. A small incision was then made in the common carotid ar tery, I mm proximal from the carotid bifurcation, and the MCA-occluding device was inserted from the common carotid artery into the internal carotid artery. After re moval of the microvascular clip, the occluder filament was advanced so as to close the origin of the MCA. The anesthesia was discontinued, and the animals were re turned to their cages.
Animals with an MCAO show typical behavioral signs such as contralateral circling and walking to the contra lateral side. Behavioral changes were checked to control that the MCAO was successful. Ten percent of the rats operated in this series did not show typical behavioral signs; some of these had subarachnoidal hemorrhage. These animals were excluded from analyses.
After 1 or 3 h of MCAO, the animals were briefly re anesthetized with halothane and the occluder was with drawn in the recirculation groups (Memezawa et a\., 1992b) .
Sampling technique and analytical methods
The animals were allowed 1 h of recirculation following I h of MCAO and 0 min, 15 min, I h, and 6 h of recovery after 3 h of MCAO. Body temperature, mean arterial blood pressure, arterial blood gases, pH, and glucose concentration were measured just before and 5 min after MCAO, when the animals were still under anesthesia, and also at the end of the 3-h period of MCAO and (after continued or renewed anesthesia) just prior to freezing of the brain in situ at the end of the desired recirculation period. The frozen brains were chiseled out during inter mittent irrigation with liquid nitrogen and stored at -80°C until analyzed. The dissection of tissue samples was performed in a glove box at -20°C. The hemispheres were cut into 4-to 5-mm-thick slices in the coronal plane. Samples (40-55 mg), representing the lateral caudate putamen and the upper and lower neocortical areas in both the ipsi-and the contralateral hemispheres, were dissected as shown in Fig 
Preparation of tissue extracts for biochemical determinations
Dissected samples were cut further into small pieces and transferred to 1 ml of 10 mM N-2-hydroxyethylpi perazine-N'-2-ethanesulfonate buffer (HEPES, pH 7.4) containing 137 mM NaCl, 4.6 mM KCl, 1.1 mM KH2P04, 0.6 mM MgS04, 1.1 mM ethylenediaminetetraacetate (EDTA), leupeptin (0.5 f,Lg/ml), pepstatin (0.7 f,Lg/ml), phenylmethyl sulfonylfluoride (40 f,Lg/ml), and aprotinin (0.5 f,Lg/ml) (Oliver et aI., 1990) . Samples were sonicated using an Ultrasonic homogenizer at an output setting of hemisphere, and regions CPc, Cx1 c, and Cx2c from the con tralateral hemisphere. CP, lateral caudoputamen; Cx1, corti cal focus; Cx2, cortical penumbra.
30 (three lO-s and one 20-s burst) and then centrifuged at 100,000 g for 5 min in a Beckman TL-I00 refrigerated ultracentrifuge. The aliquots of clear supernatant fluid were used for the determination of protein carbonyl con tent, for the assay of OS activity, and for the measure ment of proteins.
Protein carbonyl groups
For detecting and quantitating oxidative modification of proteins, we determined the content of protein car bonyl groups according to Levine et al. (1990) , using re action with 2,4-dinitrophenylhydrazine (DNPH). Since nucleic acids also contain carbonyl groups and could thus lead to erroneously high estimates of protein-bound car bonyls, the supernatants were treated with streptomycin sulfate (at 1% concentration) at room temperature for 15 min to remove nucleic acids as described by Levine et al. (1990) . After centrifugation at 11 ,000 g for 10 min, the pellets were discarded and three equal aliquots of clear supernatant, containing -500 fLg of protein each, were used for assay of protein-bound carbonyl groups. One aliquot was treated with 2 M HCI (blank) and the other two (duplicates) with an equal volume of 0.2% (wt/vol) (DNPH) in 2 M HCI. All samples were incubated at 25°C for 1 h with vortexing every 10 min; then the proteins were precipitated with trichloroacetic acid (final concen tration 10%) and the tubes were centrifugated at 11,000 g for 5 min. The supernatants were quantitatively discarded and the precipitates were washed three times with etha nol/ethyl acetate (1: 1) to remove free reagent that had not reacted. The final precipitates were redissolved (15 min at 37°C) in 1 ml of 6 M guanidine-HCI in 20 mM sodium phosphate buffer (pH 6.5) (Oliver et aI. , 1987) . Carbonyl groups were estimated by measuring the absorbance at 365 nm (maximum absorbance). The values of DNPH treated samples were corrected by subtraction of the cor responding blank values (samples treated with 2 M HCI). The data are expressed as nmoles of carbonyl groups per milligram protein, by using a molar absorption coefficient of 22,000 M-1 cm-1 (Levine et aI., 1990) .
GS activity
OS was determined by a -y-glutamyltransfer assay ac cording to Miller et al. (1978) . The assay mixtures con tained in 1 ml: 50 mM imidazole-HCl buffer (pH 6. 8), 50 mM NH20H, 25 mM potassium arsenate, 0. 2 mM ADP, 0.5 mM MnCI2, 100 mM L-glutamine, and 15-25 fLl of supernatant fluid or -y-glutamylhydroxamate standards. Aliquots of supernatants used for the assay were selected so that the reaction would be within the linear range of standards (0.5-2.5 fLmol/ml); samples from the contralat eral and ipsilateral sides were always determined at the same time. Reactions were initiated by the addition of supernatants and terminated after 15 min at 37°C by 1 ml of reagent containing 0.37 M FeCI3, 0.3 M trichloroacetic acid, and 0. 6 M HCI. The precipitate was removed by centrifugation at room temperature (1,150 g) and -y-glu tamylhydroxamate was determined by measuring the ab sorbance at 505 nm. The values were corrected for non specific reaction (parallel incubations of supernatants for each sample in reaction mixture without ADP and arsen ate). Specific activity of OS is expressed as fLmoles of -y-glutamylhydroxamate formed per minute per milligram protein.
The protein concentration of the soluble protein frac tion was determined by the method of Lowry et al. (1951) , with bovine serum albumin as the standard, and in some experiments also by the Pierce BCA method (Smith et aI. , 1985) .
Statistical evaluation
Statistical differences between values of the occluded (ipsilateral) and contralateral hemispheres were deter mined by Student's t test (two tailed). For evaluation of the accentuated decrease of protein concentrations in caudoputamen during recirculation, statistical compari son was made with analysis of variance (ANOY A). A p value of <0.05 was regarded as statistically significant.
RESULTS
Physiological parameters
The physiological parameters for the 3-h MCAO groups are shown in Table 1 ; similar values were recorded in the I-h MCAO group (data not shown). Since freely moving rats have a body temperature of close to 38°C, the temperature was regulated to that value during the operation and in the early phase of MCAO, while the animals were under an esthesia. After that, there was a spontaneous in crease in body temperature up to � 39°C at the end of 3-h ischemia (see Table 1 ). The animals were moderately hypercapnic during the operative pro cedure, reflecting the anesthesia and spontaneous ventilation, while in the later, nonanesthetized, stages of MCAO, a slight hypocapnia occurred. The other parameters were as is generally considered normal.
Protein concentration of soluble protein fraction Table 2 shows the measured concentrations of proteins in the soluble fraction (100,000 g super nate), expressed in micrograms per milligram wet weight. Following 1 h of MCAO and 1 h of recov ery, the protein content decreased significantly in the cortical focus (p < 0.05). The decrease in pro tein content was even more pronounced after 3 h of MCAO. Thus, at all reperfusion intervals studied (0 min, 15 min, 1 h, and 6 h), statistically significant decreases of protein content per unit of wet weight (by 16-35%) were evident in all ipsilateral regions as compared with corresponding contralateral areas (p < 0.05 and p < 0.01). These results were indepen dent of the methods used to measure protein con tent (Lowry et al., 1951; Smith et al. , 1985) . Results obtained in the caudoputamen showed a progres sive decrease in protein content by 30--35% during reperfusion (p < 0.05).
Protein carbonyl content
The carbonyl content of the soluble protein frac tion was determined after the various reperfusion periods (0 min, 15 min, 1 h, 6 h) following 3 h of MCAO. At no time interval were the values for the ipsilateral regions (caudoputamen and neocortical focus, neocortical penumbra) different from the contralateral ones (Table 3) . Thus, although the concentration of soluble proteins decreased follow ing ischemia and reperfusion, the carbonyl content of these proteins did not increase during the reper fusion period of 0 min to 6 h; i.e., the ratio of car bonyl content to protein content was invariant. Figure 2 depicts the values for the specific activ ity of GS. In accordance with the negative findings regarding oxidation of soluble proteins (carbonyl content), the results failed to reveal a decrease in the specific activity of GS; this conclusion applies to all three regions studied and all recirculation times. On the contrary, in all regions analyzed, there was a tendency toward increased values for the specific activity of GS. Albeit small, this In- decrease in protein content affected other proteins, but not GS. We therefore also calculated GS activ ity per milligram of wet tissue. As Table 4 shows, the values on the ipsilateral side either did not change or decreased slightly as compared with those in the corresponding areas on the contralat eral side.
GS activity
DISCUSSION
As discussed in recent review articles (Siesjo et aI., 1989; Floyd, 1990; Watson, 1992) , free radicals seem likely to contribute to brain damage due to ischemia. Probably, the most convincing evidence is the fact that ischemic brain damage is ameliorated by agents whose main or sole action is to scavenge free radicals; such agents encompass dimethylthio urea (DMTU), allopurinol, superoxide dismutase (SOD), and catalase (Patt et aI., 1988; Liu et aI., 1989; Martz et aI., 1989 ). These beneficial effects were observed whether the ischemia was perma nent or transient; however, in the latter case the ischemia was of long duration. Furthermore, trans genic mice overexpressing human Cu-Zn SOD are partially protected against the adverse effects of MCAO (Kinouchi et aI., 1991) . This fact and the likelihood that a major target for free radicals is the microvessels (see Patt et aI., 1988; Beckman et aI., 1990) have led to the assumption that free radicals play only a minor role in causing the cell damage that is observed following brief periods of ischemia (Siesjo et aI., 1989) . We recall that, unless compli cated by preischemic hyperglycemia or intrais chemic hyperthermia, ischemia of such brief dura tion (5-15 min) yields selective neuronal damage only, sparing glial cells and microvessels.
It now seems likely that oxidative damage to pro teins occurs in aging and in some disease conditions (see Starke-Reed and Oliver, 1989 ; Carney et aI., 1991; Stadtman and Oliver, 1991) . Oliver et aI. (1990) produced seemingly convincing evidence that ischemia with reperfusion is one of these dis ease conditions. Thus, the authors reported higher levels of oxidized proteins, as assessed by carbonyl residues, and decreased GS activity in gerbils sub jected to 10 min of transient ischemia followed by reperfusion. In addition, these changes could be partly prevented and the animals partly protected by the free radical spin-trapping compound N-tert butyl-a-phenylnitrone (Oliver et aI., 1990; . However, the findings were un expected in view of the brief period of ischemia (10 min). Since GS is considered a glial enzyme, the results imply oxidative damage to glia cells. This has no precedent. Dienel et aI. (1985) reported un changed levels of GS (expressed as activity per gram of wet tissue) at 5 and 15 h of reperfusion following 30 min of forebrain ischemia in the rat. On the basis of these results, it is, however, not clear whether or not some decrease of activity could have occurred at earlier time intervals, and then being followed by the synthesis of new GS enzyme. In view of the results reported by Oliver et aI. (1990) , this is not an unlikely possibility. However, our own data establish that results obtained in the rat are radically different from those reported for gerbil brain. Thus, in our experiments with 15 min of fore brain ischemia, recirculation time was 90 min (K. Pahlmark et aI., submitted), and in the present ex periments, recirculation varied between 0 min and 6 h. Furthermore, there was neither a rise in carbonyl content nor a decrease in GS activity. Perhaps the most unexpected finding in the pre sent experiments was that protein oxidation could J Cereb Blood Flow Metab, Vol. /3, No. /, /993 not be detected after recirculation following 3 h of transient ischemia. Thus, the tissue damage result ing from this kind of insult is reportedly ameliorated by D MTU (Patt et aI. , 1988; Martz et aI. , 1989 ; see also Y. Kiyota et aI. , submitted). The results raise the question of whether oxidation of proteins is rad ically different in rats than in gerbils. For example, one could speculate that oxidatively altered pro teins are rapidly broken down in the rat by active proteases. However, this would not explain the fail ure to detect a decrease in GS activity.
Contrary to our expectations, instead of a de crease of GS activity, we could observe a slight increase in the specific activity of this enzyme in ipsilateral sites as compared with the same region on the contralateral side. This increase, even if small, was statistically significant in several groups. The cause of this apparent increase is at present not clear. What complicates interpretation of changes in GS activity is that the concentration of soluble proteins decreased after the long ischemic periods studied. It has been shown by many studies that during ischemia there is a severe and prolonged in hibition of brain protein synthesis, depending on the severity and duration of the ischemic insult (Kleihues and Hossmann, 1971; Cooper et aI., 1977; Morimoto et aI., 1978; Dienel et aI., 1980 Dienel et aI., , 1985 Bodsch et aI., 1986; Thilmann et aI., 1986; Mies et aI., 1991) . The postischemic changes in both protein synthesis and degradation could affect the amount of some of the proteins responsive to transient isch emia (Dienel et aI., 1985) . It remains to be shown whether the observed decrease in our experiments reflects failure of resynthesis of proteins with short half-lives, the additional effect of an increased breakdown of proteins, or modifications of pro teins, influencing their solubility. Whatever the ex planation, the decrease in protein concentration, validated by determination of protein content by two different methods (Lowry et al., 1951; Smith et aI., 1985) , was substantial after 3 h of ischemia. If the GS protein decreased by an equivalent amount, then the rise in GS specific activity noted is real and the results would be consistent with some other findings reporting an increase of this enzyme under postischemic or hypoxic conditions (see below). It should be noted in this connection that we did not observe any decrease of proteins in the soluble frac tion in cerebral cortex, caudoputamen, or hippo campus after 15 min of forebrain ischemia followed by 90 min of reperfusion (K. Pahlmark et al., un published results).
An increase of the GS activity in rat brain was reported during the postischemic period following 20 or 30 min of forebrain cerebral ischemia (Petito et aI., 1989 (Petito et aI., , 1992 , in the cerebellum of children in response to acute hypoxic-ischemic insults (Dao et aI., 1991) , and in mixed neuronal-glial cell cultures surviving from chronic hypoxia (Sher and Hu, 1990) . GS plays a crucial role in the CNS not only because it provides the main mechanism for ammo nia detoxification, but also because it participates in regulating the extracellular concentrations of gluta mate (Cooper et aI., 1983) . By ultrastructural im munohistochemical techniques, this enzyme has been localized mostly to astrocytes (Norenberg and Martinez-Hernandez, 1979; see, however, also Tan sey et al., 1991) . It is well known that there is an increased release of glutamate during ischemia (Benveniste et aI., 1984) , and the participation of glutamate in the excitotoxic brain damage seems well established (Choi and Rothman, 1990) . Mor phological studies have shown early proliferative changes in postischemic astrocytes that suggest en hanced metabolic activity in these cells (Petito and Babiak, 1982; Petito et al., 1992) . Thus, a postisch emic increase of GS activity in astrocytes could rep resent a compensatory and protective mechanism. However, it remains to be demonstrated whether such a proliferative reaction of surviving astrocytes could occur when the ischemia is sufficiently pro longed to lead to damage, not only of neurons but also of glial cells.
Clearly, the possibility must be considered that proteins other than GS were responsible for the de crease in the concentration of soluble proteins. This is not an unlikely possibility since ischemia affects different proteins in widely different ways (Dienel et aI., 1985) . If other proteins than GS in soluble fraction are preferentially decreased during isch-emia and reperfusion, then the specific activity of GS, expressed per milligram of protein in the solu ble fraction, would seem higher even if the real amount of GS protein and the catalytic activity of enzyme were unchanged. Other methods, e.g., im munohistochemical assessment of GS, are required to settle this issue.
